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Abstract Monolayers of amphotericin B (AmB) and mono-
layers composed of AmB and dipalmitoylphosphatidylcholine
(DPPC) were formed at the argon^water interface and depos-
ited on a solid support by means of the Langmuir^Blodgett
technique. The hypsochromic shift observed in the absorption
spectra of monolayers is indicative of aggregated structures of
AmB. The exciton splitting theory allowed us to calculate the
distance between neighboring molecules in the aggregates as
7.8 A' . Scanning force microscopy of the AmB monolayers re-
vealed the formation of a homogeneous monolayer composed of
molecules separated by a distance of 6^8 A' . Microscopy also
reveals the formation of cylindrical structures of AmB with a
diameter close to 17 A' (internal diameter close to 6 A' ) in the
monolayers containing additionally 10 mol% DPPC. - 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction
Amphotericin B (AmB) is a popular polyene antibiotic
widely used to treat deep-seated mycotic infections [1,2]. Ac-
cording to the current opinion the main mode of action of
AmB is based on the formation of hydrophilic molecular
pores in a membrane environment [3,4]. For the particular
ability to form membrane pores in the presence of ergosterol,
the fungal sterol, there are two main modes of action of AmB,
both based on the formation of pores across a biomembrane:
molecular pores formed solely by the drug [3,4] and pores
formed as two-component molecular structures of AmB and
sterols, in particular ergosterol [5,6]. The ability of AmB to
form cylindrical molecular aggregates follows directly from its
very speci¢c stereochemical structure (see inset in Fig. 1).
AmB is an amphiphilic molecule with several polar groups
located along one side of the molecule. Polar groups are pref-
erentially exposed outside in a polar environment and covered
inside molecular assemblies formed in a hydrophobic environ-
ment in order to minimize the energy [7] of the system. Self-
organization of AmB in a polar and hydrophobic environ-
ment was the subject of numerous recent theoretical and ex-
perimental studies [8^11]. In particular the organization of
AmB in the environment of lipid membranes has been re-
cently addressed as directly relevant to the pharmacological
usefulness of the drug [12^15]. There are several lines of sup-
port for the concept of formation of membrane channels by
AmB, mainly based on the results of experiments with ion
permeability across lipid membranes [4,16^18]. In this report
we present for the ¢rst time a direct indication of the size of
such a molecular pore formed by AmB based on pronounced
spectral shifts of electronic absorption bands of substrate-sup-
ported AmB monolayers and scanning force microscopy
imaging of the surface topography of monomolecular layer
composed of the drug and dipalmitoylphosphatidylcholine
(DPPC).
2. Materials and methods
AmB in crystalline form and DPPC were purchased from Sigma.
AmB was dissolved in 40% 2-propanol and then centrifuged for 15
min at 15 000Ug in order to remove microcrystals of the drug still
remaining in the sample. AmB was further puri¢ed by means of
HPLC on a YMC C-30 coated reversed phase column (length 250
mm, internal diameter 4.6 mm) with 40% 2-propanol in H2O as the
mobile phase. The ¢nal concentration of AmB was calculated from
the absorption spectra on the basis of the molar extinction coe⁄cient
to be 1.3U105 M31 cm31 in the 0-0 absorption maximum at 408 nm.
DPPC was dissolved in chloroform. Monomolecular layers of the
AmB^DPPC system were formed at the argon^water interface by a
method described in detail previously [15]. As a ¢rst step DPPC was
deposited at the interface and after 15 min, required for solvent evap-
oration, AmB solution was deposited at many places of the interface.
Monolayers were formed on double distilled and deionized water
distilled for a third time with KMnO4 in order to remove possible
organic impurities. Monomolecular layers were formed in a Te£on
trough 40 cmU4 cm and were compressed along the long side with
a speed of 4.8 cm2/min. Surface pressure was monitored by a NIMA
Technology tensiometer, model PS3 (Coventry, UK). Monolayer
compression, surface pressure measurements and data acquisition
were controlled by our own software. Langmuir^Blodgett ¢lms were
deposited on quartz, for optical measurements, and on mica for scan-
ning force microscopic measurements with a speed of 0.5 cm/min at a
constant surface pressure of 30 mN/m, using a Lauda Filmlift, model
FL-1E (Lauda, Ko«nigshafen, Germany). Monolayer compression and
deposition was carried out at 23K 1‡C. In order to avoid oxidative
degradation of a monolayer during compression experiments were
performed in darkness under argon atmosphere. Electronic absorption
spectra were recorded with a Shimadzu 160A UV-Vis spectrophotom-
eter. Spectra were analyzed with Grams 32 software from Galactic
Industries. Scanning force microscopy (SFM) was carried out with dry
samples in air on a NanoScope III (Digital Instruments, Santa Bar-
bara, CA, USA) with scan speeds around 1 Hz. Microfabricated
monocrystalline silicon tips with force constants ranging from 0.06
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to 0.17 N/m were used for contact mode imaging (from LOT, Darm-
stadt, Germany). All SFM images are raw data except corrected for
image levelling.
3. Results and discussion
Fig. 1 presents isotherms of compression of the single
monomolecular layers formed at the argon^water interface
with pure AmB and a two-component system composed of
90 mol% AmB and 10 mol% DPPC. The shape of the iso-
therm of compression of AmB is very close to the shape of
isotherms previously reported [15,19^22]. The compression of
AmB is a two-phase process represented by two distinct linear
portions of the isotherm of compression pointing to the spe-
ci¢c molecular areas of 136 AS 2 and 36 AS 2. These speci¢c areas
correspond to di¡erent molecular arrangements of AmB at
the argon^water interface, most probably the horizontal one
(AmB anchored in the subphase with polar groups located
along its longer axis) at low surface pressure values and the
vertical one (AmB anchored in the subphase with its sugar
binding side (see inset of Fig. 1) [15]. The speci¢c area of 36
AS 2 is close to the theoretical cross-section of AmB which can
be calculated on the basis of crystallographic parameters (ap-
proximately 6 ASU7 AS [3]), which is an indication of very
e⁄cient packing of AmB in the monomolecular layer despite
the amphiphilic character of this molecule. Most probably the
arrangement of AmB in a monolayer is such that polar groups
of neighboring molecules interact with each other in order to
minimize the energy of the system, such as in the case of
dimer formation [9]. The relatively high collapse pressure val-
ues of AmB monolayer (above 32 mN m31) is an indication
that such structures are potentially stable also in lipid bio-
membranes characterized typically by the surface pressures
close to 30 mN m31 [23]. The distinct plateau phase in the
molecular area range of 100 AS 2 to 40 AS 2 corresponds to the
reorientation of AmB at the interface, in light of recent Brew-
ster angle microscopic analysis of monomolecular layers of
AmB [22]. Such a clear transition phase has not been observed
in our previous experiments [15], in the same system com-
pressed with higher speed (30 cm2/min versus 4.8 cm2/min in
the present work). Relatively slow compression provided qua-
si-static conditions, which are most probably responsible for
reorientation of AmB molecules at virtually constant surface
pressure close to 10 mN m31. On the other hand, the speed of
compression had no e¡ect on the value of the speci¢c molec-
ular areas corresponding to two orientations of AmB at the
interface. Fig. 1 also presents the isotherm of compression of
the two-component monomolecular layer formed with AmB
and DPPC. The presence of the lipid component in the AmB
layer (10 mol% DPPC) has an e¡ect in the slight decrease in
the speci¢c molecular areas corresponding to both molecular
arrangements of AmB at the interface (by ca. 3 AS 2). The
speci¢c molecular area of DPPC under the same conditions
is close to 59 AS 2 [15] and therefore the decrease in two speci¢c
molecular areas of AmB (corresponding to both orientations
at the interface) is an indication of modi¢ed packing of the
drug in the presence of a lipid component. Molecular packing
in the AmB^DPPC ¢lms can be analyzed in terms of the
additivity rule. In the case of a vertical arrangement of
AmB the dependence for the mean molecular area has the
form:
0:90U36 A2 þ 0:10U59 A2 ¼ 38:3 A2 ð1Þ
As may be seen the theoretical value of the average molec-
ular area is slightly greater than the experimental one, 34 AS 2.
This is an indication of the ordering e¡ect of the lipid com-
ponent with respect to the AmB molecules in a monolayer.
No strong over-additivity was observed in the present experi-
ments, upon very slow compression of a monolayer. Such a
Fig. 1. Isotherms of compression of monomolecular layers formed with pure AmB (solid line) and 90 mol%/10 mol% DPPC (dotted line). The
linear ¢ts to the linear portions of the isotherms of compression extrapolated to zero surface pressure point to the speci¢c molecular areas. In-
set, chemical structure of AmB generated by the HyperChem software from Hypercube Inc., based on the crystallographic data from [3] (polar
oxygen groups marked with rings).
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result is an indication of very e⁄cient molecular packing with-
in a monolayer characterized by small intermolecular distan-
ces.
A small distance between chromophores of the neighboring
AmB molecules shell results in a¡ection of the singlet excita-
tion energy levels, which can be potentially observed in elec-
tronic absorption spectroscopy. Fig. 2 presents absorption
spectra of AmB in monomeric form in the deposition solution
and in monomolecular layer deposited on a quartz slide as a
Langmuir^Blodgett ¢lm. A very clear and large hypsochromic
shift can be observed in the AmB spectrum in monolayer in
accordance with the expectation based on analysis of the iso-
therms of compression. The absorption spectrum of AmB
dissolved in 40% 2-propanol displays the typical shape char-
acteristic of a monomeric form of AmB with the 0-0 vibronic
transition localized at 408 nm [7]. A pronounced hypsochro-
mic shift combined with the loss of a clear vibronic structure
is an indication of the formation of H-type aggregated molec-
ular structures [11,24,25]. The spectral shift of the 0-0 vibronic
transition, also visible in the spectrum of AmB in monolayers
at 418 nm (23 923 cm31), to the main absorption band corre-
sponding to the aggregated form, 348 nm (28 736 cm31), is
4813 cm31. The exciton splitting theory directly links a spec-
tral shift to spectral parameters of a chromophore and the
number of molecules involved in a formation of such an ag-
gregated structure [25] :
Xm ¼ Xmon þ 2L cos mZN þ 1
 
ð2Þ
where Xm is the position of the m-th excitation state in the
spectrum of the aggregated form, Xmon is the position of the
electronic transition in the spectrum of monomeric chromo-
phores, N is the number of all exciton states and m is the
number of the exciton state considered. In the case of max-
imum hypsochromic shift m=1. The parameter L represents
the coupling matrix element and has the form [25] :
L ¼ MWmonM
2
4ZO 0R 2R3
ðcosa33cos2P Þ ð3Þ
where Wmon is the dipole transition moment of a monomer, O0
is the dielectric permittivity of free space, R is the refractive
index of the medium and R is the distance between nearest
neighbors in the aggregate. The angle between monomeric
transition moment vector a and the angle between the tran-
sition moment vector and the axis connecting the centers of
the transition moment vectors of neighbor molecules P were
assumed to be 0‡ and 90‡ in the case of H-aggregates of AmB
in compressed monolayers respectively [11]. A value of 11.3
Debye for the transition dipole of monomeric AmB was cal-
culated based on the integration of the absorption spectra.
The hypsochromic shift accompanying AmB aggregation in
monomolecular layers, 4813 cm31 (Xm3Xmon), and the value
of Wmon enabled calculation of the molecular distance between
the neighbor AmB molecules in the aggregated structure as-
suming a high number of molecules involved (Xm3Xmon = 2L)
as R=7.8 AS .
Monomolecular layers formed with AmB and two-compo-
Fig. 2. Electronic absorption spectra of AmB in monomeric form in solution (water:2-propanol 3:2, v/v) and recorded from Langmuir^Blodgett
monomolecular ¢lms deposited at two sides of a quartz lamella from the two-component monomolecular ¢lm formed with 90 mol% AmB and
10 mol% DPPC. The Langmuir^Blodgett ¢lm was tilted by 45‡ with respect to the measuring beam.
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nent monomolecular layers formed with AmB and DPPC
were also deposited on mica and the topography of the ¢lm
surface was imaged with SFM. Fig. 3 presents the SFM im-
ages of deposited monolayers and the surface topography of
mica alone as a control. In general, the surfaces of both
monolayers deposited on mica are less rough than the support
itself, as may be seen from Fig. 3. This e¡ect, related to the
relatively high lateral pressure of compact monolayers, has
also been observed in the case of other supports [26]. As
can be seen from Fig. 3C, the molecular arrangement in the
pure AmB monolayer is very much homogeneous. The shapes
(marked with white ellipses) corresponding to single AmB
Fig. 3. SFM images recorded in de£ection mode of mica (A,B), monocomponent AmB monolayer deposited to mica (C,D) and two-component
AmB^DPPC monolayer (9:1) deposited on mica (E,F). The scan sizes for A, C and E are 20 nmU20 nm with a z range of 0.1 nm. The 3D
views (B, D and F) are shown with scan sizes of 2 nmU2 nm (B,F) and 1.7 nmU1.7 nm (D). All 3D images shown here are plotted with a
z range of 0.1 nm. The molecular structures interpreted as single AmB molecules in D are marked with white ellipses and the selected pore-like
structures in E by black circles.
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molecules can be noticed in the small size scan of this mono-
layer (Fig. 3D) but the level of noise makes such an assign-
ment practically at the limit of signi¢cance. Fig. 3E presents a
20-nm image of the topography of the AmB monolayer con-
taining 10 mol% DPPC as a second component. The molec-
ular arrangement in such a monolayer is di¡erent, according
to the analysis of surface pressure^molecular area isotherms
of compression. The small under-additivity e¡ect observed is
an indication of molecular interaction between components
and most probably an ordering e¡ect of DPPC with respect
to AmB, owing to the low concentration of the lipid compo-
nent. This e¡ect is most probably associated with the presence
of hydrophobic alkyl chains of DPPC in the system composed
of molecules that are amphiphilic in the plane of a layer, such
as AmB. Also the surface topography of the two-component
monolayer (Fig. 3E) is di¡erent from the topography of the
monolayer formed with pure AmB. The pore-like structures
can be observed in the two-component monolayers, which do
not correspond to any features in the pure AmB Langmuir^
Blodgett ¢lms and the control. Some of these structures are
marked with circles in Fig. 3E and one pore is presented on a
2-nm scale (Fig. 3F). The external diameter of the pore-like
structures was determined as close to 17K 3 AS and the internal
diameter as close to 6K 1 AS on the basis of surface cross-
section analysis (average from eight structures KS.D.). The
diameter of the rings observed implies that the structure is
formed by six to eight AmB molecules according to the anal-
ysis procedure described previously [11]. Fig. 4 presents a
simpli¢ed model of arrangement of AmB molecules in the
monomolecular layers based on both spectroscopic measure-
ments and SFM imaging. The distance R between the neigh-
boring AmB molecules calculated above as 7.8 AS , on the basis
of the exciton splitting theory, corresponds well to the dis-
tance that may be deduced from the atomic force microscopy
(AFM) images, between 6 AS and 8 AS (Fig. 3D). To our
knowledge our report also presents the ¢rst direct visualiza-
tion of AmB pores that are potentially active pharmacologi-
cally. The external diameter of the ring-like structures of AmB
observed (17 AS ) implies that the internal diameter of a hydro-
philic pore of such a structure is about 5 AS , taking into ac-
count the dimensions of an AmB molecule in the monolayers
(speci¢c molecular area 36 AS 2, corresponding to the linear
dimension of 6 AS ). This estimation of the diameter of the
hydrophobic pore corresponds to the cross-section analysis
of the AFM images (6 K 1 AS ). These results indicate that the
AmB pore is rather not speci¢c for small ions and may in£u-
ence considerably membrane transport properties for water
and also small molecules. It is possible that interactions of
AmB to sterols may further increase the radius of the pore.
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Fig. 4. Schematic representation of a molecular arrangement of
AmB in monomolecular ¢lm. (A) Semi-homogeneous distribution.
(B) Formation of ring-like structures. Molecules are represented by
ellipses and chromophores by gray circles. R denotes distance of
neighboring chromophores.
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